Abstract The role of surface runoff from forested areas in chemical cycling and freshwater ecology is still not completely understood. Changes in total precipitation and increase in heavy rainfalls may, however, in some regions promote the effect of runoff in aquatic environments. In this study, we aimed to investigate the physicochemical properties of the surface runoff occurring within the wooded catchment area of a through-flow lake (Poland, Europe). Samples were collected over a 2-year period from slopes overgrown by the monoculture of Scots pine (Pinus sylvestris) or mixed forest dominated by European beech (Fagus sylvatica) and Scots pine. At the same time, the chemical properties of littoral and pelagic zones were analysed. Waters overflowing both slopes were found to have low pH, high colour and relatively high content of dissolved organic carbon and nutrients. Compared to coniferous site, the runoff from mixed forest was represented by significantly higher concentrations of organic matter, nitrogen, phosphorus and calcium ions. The greatest changes of the studied chemical parameters were noted in runoff occurring during heavy rainfall and snow melting (coniferous slope) or after shedding of leaves (the mixed forest slope). Surface runoff was revealed to be less important source of chemical loads in basins with direct river inflow but for more isolated basins it may be a significant factor affecting water quality.
Introduction
The functioning, trophic status and succession of lakes depend mainly on their morphology, catchment area and water balance. The role of surface runoff in the water and chemical cycling is still poorly elucidated. Runoff quantity may vary greatly and it generally depends on rainfall intensity, permeability of soils, slope inclination and the type of overgrowing vegetation (Chang 2012) . On the other hand, the chemistry of surface runoff and the dynamics of chemical element washout result from geomorphologic and biological features of catchment area and the degree of human impact (Kim et al. 2014; Klimaszyk et al. 2014) . The most significant loads of nutrients are transported to surface waters from agricultural catchments (Vuornenmaa et al. 2002; Liljaniemi et al. 2003; McDowell et al. 2004; Alexakis et al. 2013 ). This may lead to rapid eutrophication of the aquatic environment (Pote et al. 1999) . Urban runoff, in turn, can contain significant concentrations of persistent contaminants such as oil derivates, heavy metals and polycyclic aromatic hydrocarbons, leading to contamination of municipal surface waters (Choe et al. 2002; Azizuddin et al. 2014; Rzymski et al. 2014) . In forest ecosystems, it is claimed that the output of nutrients is relatively small when compared to their total amount cycling within the system (Hirobe et al. 2004 ). However, the elements exported from the wooded catchments may still have considerable impact on the quality of receiving waters (Strobel et al. 2001; Vuornenmaa et al. 2002; Astrom et al. 2004; Park et al. 2011) . The role of surface runoff in nutrient cycling is increased with slope inclination which can lead to the elution of the upper layers of soil and forest litter directly into the lakes (Sickman et al. 2003) .
Several studies have shown that plant coverage can impact the physicochemical properties of surface runoff (Hongve 1999) . In some cases surface runoff can be responsible for the humification of lakes resulting from large quantities of organic matter, transported particularly from the coniferous sites (Steinberg 2003; Klimaszyk and Rzymski 2013) . The potential role of surface runoff in increasing the trophy of water bodies was also indicated (Klimaszyk and Rzymski 2011) . It is likely that different types of forest litter, coniferous, mixed and deciduous, may have a different impact on the chemistry of runoff due to varying quantities of chemical compounds in litter produced by different tree species (Klimaszyk and Rzymski 2011; Hirobe et al. 2004 ). For example, higher levels of phosphorus and nitrogen are leached from deciduous litter, while coniferous litter is usually richer in organic matter and humic acids (Klimaszyk and Rzymski 2011, 2013) .
Under specific meteorological conditions, the impact of surface runoff on the aquatic environment can be increased (Lopez-Vicente et al. 2014) . During the heavy rain events, the increase in the volume of surface runoff and concentrations of leached chemicals are observed. The main reason for this phenomenon is the increased erosion of top soil layer (Dils and Heathwaite 1996; Correl et al. 1999) . Elevated concentrations of chemical in overland flow can also be observed during snow melting. Freezing and subsequent thawing of forest litter promote the degradation of tissues and cells and increase the elution of nutrients (Renman 1993; Fitzhugh et al. 2001) .
The occurrence of heavy rainfall has significantly increased in Central Europe over recent decades (Müller et al. 2009 ). This phenomenon is also observed in Poland despite the decrease of annual precipitation (Woś 1994) . The phenomenon of heavy rain can lead to saturation of the upper part of soils and significant increase of discharge (Steinberg 2003) . As a result, higher load of chemicals including nutrients and organic matter, can be transported from the catchment area to lakes and rivers.
The following study was undertaken in order to investigate the overland transfer of chemical substances from wooded areas and to determine the potential impact of forest litter on the physicochemical properties of surface runoff waters. We also aimed to study whether the chemistry of surface runoff can impact the water quality of a through-flow lake. As a model system we have chosen Lake Ostrowiec (Poland, Europe) which is located within the strict protection area of the Drawa National Park (with negligible human pressure). Its direct catchment area is overgrown by coniferous and mixed forests. To evaluate the potential impact of runoff on water quality of the lake, the chemistry of each of its four separated basins was studied. Our work helps to understand the role of runoff in the functioning of the natural mid-forest through-flow water reservoirs.
Materials and methods

Study area
The study area encompassed Lake Ostrowiec and its catchment area (Drawa National Park, Northern Poland, Europe) at the latitude and longitude of 53°4 0 39 00 N and 15°57 0 66 00 E, respectively. The lake consists of four basins: B1, B2, B3 and B4 (Fig. 1) . Exchange of water between basins is hampered due to the shallow isthmuses. The River Plociczna flows into and out of the northern basin of the lake, and this basin (B1) can be described as a through-flow basin, in contrast to the other lake basins (B3-B4), with no Fig. 1 Bathymetric map of Lake Ostrowiec (B1-B4) and location of sampling stations. C-coniferous slope overgrown by Scots pine; M-slope overgrown by mixed forest (Scots pine and European beech); O-stations of surface water sampling outflow. All basins are stratified and dimictic. The total area of the lake is almost 400 ha and shoreline length is over 22 km (Table 1) . The maximum depth of the lake can be found in B2 is (28.5 m), while the other basins are shallower (B1-11 m, B3-17 m, B4-15 m).
The immediate-direct catchment area of Lake Ostrowiec covers about 10 km 2 , while the area drained by the River Płociczna is almost 202 km 2 . Over 94 % of the immediate catchment area is covered by forest-70-year-old Scots Pine (Pinus sylvestris L.) plantation. Because ferruginous soils predominate here (Table 1) , the climax habitat is acid beech forest. Since the end of 20th century, the reconstruction of the forests is being implemented by the Drawa National Park services. To reduce pressure from large mammals (roe, deer) and allow the spontaneous renewal of the natural beech forest, squares (100 9 100 m) are fenced for 10-15 years.
A characteristic feature of the direct catchment area of Lake Ostrowiec is the significant inclination of slopes (up to 30-40°near the shoreline) which stimulates water flow and erosion of soils. Mean water inflow from the River Plociczna during the investigated period (January 2009-May 2012) was 1.85 (ranging from 1.5 to over 2.2 m 3 s -1 ), while mean outflow from the lake was 1.93 m 3 s -1 . Approximately 20 % of rainwater from the direct catchment area is transported to the lake as a surface or subsurface runoff. According to Grześkowiak et al. (2010) , over 90 % of water inflow to the lake originates from surface sources: river and surface runoff. Among the surface sources, the river provides almost 85 % of the total volume of water while surface runoff-about 15 %. The groundwater does not play a significant role in the water balance of Lake Ostrowiec. In dry years, the lake supplies the aquifer, while in wet years (when annual precipitation exceeds 640 mm), there is groundwater inflow into the lake. Despite significant variation in the ratio of groundwater inflow/outflow, the mean water table level is constant (Grzeskowiak et al. 2010) .
The mean chemical composition of rainfall during the investigated period (January 2009-May 2012) was as follows: pH-6.4, electrical conductivity-19 lS cm
-1 (data from meteorological station located 3 km from the lake). Annual precipitation during the investigated period was 607 mm from March to December 2010 (and over 700 mm all year), 595 mm in 2011 and 220 mm from January to May 2012 (695 mm all year). Maximum monthly precipitation (defined as a heavy rain period) was noted in the July of 2011 (170 mm). The mean annual multiyear precipitation for the area of Drawa National Park is 610 mm.
Sampling sites and sample collection
Investigations were carried out between January 2009 and May 2012. Surface runoff samplers were installed on two different slopes, adjacent to Lake Ostrowiec. Sampling slopes were similar and representative for all direct catchments in terms of inclination and soil type. Sampling sites were also representative for the dominant forest habitat types (mixed forest and Scots pine monoculture) occurring within the catchment area. Both slopes were steeply inclined (about 408), exposed to the north-east and directly adjacent to the shoreline. Samplers were made of PVC gutters (3 m long and 0.15 m wide) and sealed plastic collectors buried at the lower end at an angle that prevented the direct inflow of the rainwater. On each slope, two samplers were installed. The first slope (A) was covered by a Scots pine (Pinus sylvestris) monoculture (70-years old), while the second one (B) by 70-year-old Scots pines mixed with dense 20-year-old European beech (Fagus sylvatica) stands (Fig. 1 ). For this reason, slope A was covered with litter of coniferous origin exclusively, whereas on slope B both deciduous and coniferous litter was present. Gutters were placed under the forest litter and covered with a 0.25 mm mesh. Care was taken to ensure minimal soil disturbance in the installation of the gutters. On each sampling site, two gutters (in a distance of about 50 m) were installed. Runoff samplers were checked after each significant precipitation event and during melting of the snowpack. In periods with low precipitation, samplers were checked at least once a month (at the end of the month). During the investigations, monthly number of samples at each station varied from 0 (in winter and months with insignificant precipitation) to 5. Water samples from the littoral zone of Lake Ostrowiec were taken 1 m from the shore, immediately after heavy rainfall or snow melting and during dry periods. Sampling sites were located within close proximity of the slopes where the surface runoff was collected. Water samples from the pelagic zone of lake basins were collected during the summer stagnation. Simultaneously, water samples from the River Płociczna were collected bimonthly during the investigated period. The sampling site was located 80 m before the river flows into the lake (Fig. 1) . Samples of groundwater were collected bimonthly from piezometers installed near the lake adjacent to the surface runoff samplers. During the investigation period, the level of shallow groundwater was stable-no fluctuations larger than 2 cm were noted. Collected groundwater samples were filtered through a cellulose filter GF-C to remove suspended soil particles. Samples for DOC analysis were filtered through cellulose nitrate filter-pore size 0.45 lm.
Analyses were conducted in the field or immediately after transportation to the laboratory, if not-samples were frozen at -20°C. Daily rainfall data were collected from the meteorological station situated 3 km from the study site.
Physicochemical analyses
Electrical conductivity and pH of water were measured in the field using a YSI 556 Multiparameter Instrument. Water transparency was measured using a Secchi disc. The following parameters were analysed in the laboratory: ammonium (N-NH 4 ? , using the Nessler method), nitrite (NO 2 -, using the sulphonic acid method), nitrate (N-NO 3 -, using the sodium salicylate method), N org (using the Kjeldahl method), calcium (Ca; using EDTA titration), TP (using the molybdate method after mineralization) and orthophosphate (TRP, using the molybdate method) (APHA 2005). Mineral nitrogen (N min ) was expressed as the sum of each investigated mineral N form. All of these analyses were performed manually. The filtered sample water used as a blank control. Standard curves were plotted for each parameter using standard solutions. Dissolved organic carbon (DOC) was measured using a Shimadzu TOC-5000 A analyzer. Water colour was determined using the platinum-cobalt colour scale (ISO 2211 (ISO :1973 . Chlorophyll-a was determined after extraction in the acetone (ESS Method 150.1, EPA, USA). Chemical oxygen demand (COD) was analysed using the potassium permanganate method (Hermanowicz et al. 1999 ).
Calculations and statistical analyses
To evaluate the contribution of surface runoff to the studied lake, Bernardt's formula was used (Czarnecka 1976 ). According to this formula, it was calculated that 20 % of rainwater from the direct catchment area is transported to the lake as surface runoff. Therefore, 20 % of annual precipitation volume has been considered to represent surface runoff.
To estimate the volume of water provided to the lake by the River Płociczna, water flow was measured bimonthly using Electromagnetic Water Flow Meter (Valeport, United Kingdom). At the station located 80 m from the river mouth, eight hydrometrical verticals in the transect from the shore were chosen in order to measure the flow velocity. Depending on each vertical, the velocity was made at several depths-according to Bajkiewicz-Grabowska and Mikulski (2010) . The total river water discharge was calculated as a sum of flows for areas between verticals.
The loads of N and P inflowing into the lake with river were calculated according to the annual volume of the inflowing water and mean concentration of TN and TP in the River Płociczna water. The loads of nutrients delivered to the lake with surface runoff were calculated as a sum of N and P discharge from coniferous and mixed forest catchment. The load of N and P from each type of catchment was calculated as a volume of surface runoff from sub-catchment and mean concentration of TN and TP in the surface runoff water.
The trophic state (TSI) of the basins of Lake Ostrowiec was calculated according to Carlson (1977) which is based on TP and chlorophyll-a concentrations, and Secchi disc visibility.
Statistical analyses were determined using Statistica 8.0 (StatSoft, USA). Gaussian distribution was evaluated with the Shapiro-Wilk's test and because the data did meet this assumption, evaluation of differences between the studied sites was assessed using the T-Student test, while correlations between total precipitation and physicochemical parameters were defined using the Pearson coefficient. A p value of \0.05 was considered as statistically significant.
Results
Surface runoff water characteristics
Surface runoff within the study site contained a relatively high content of DOC (mean ± SD 61.04 ± 18.12 mg L -1 ) and was characterized by intense brown colour (222.4 ± 51.6 mg L -1 ). Moreover, high concentrations of TN and TP were found; mean 6 (±2.01) mg L -1 and 0.4 (±0.22) mg L -1 , respectively. Runoff waters were also characterized by low acidity (pH \ 6.0 in 90 % samples) and electrical conductivity with a mean 128 (±37.2) lS cm -1 . Differences in the chemistry of surface runoff were found between coniferous and mixed forest site (Table 2) . Waters overflowing slope A (Scots pine) demonstrated higher N-NH 4 content and lower pH. On the other hand, runoff occurring on slope B (Scots pine ? European beech) was found to contain larger concentrations of dissolved organic matter. During the investigated period, DOC concentrations on slope B were higher by 20 % compared to slope A, whereas COD contents were higher by 30 %. Moreover, water had a more intense brown colour. Apart from organic matter, surface runoff from the mixed forest contained significantly higher concentrations of nutrients. Compared to slope A, mean concentrations of TP and TRP were higher by 50 and 70 %, respectively. TN was also higher (by 10 %) with a prevalence of N org and N-NO 3 . Significant differences were also noted for electrical conductivity and Ca concentrations, with runoff from slope B having higher values of both parameters.
The concentrations of the studied parameters were greatly affected by precipitation. The highest concentration of chemical compounds was found during heavy rainfall and snow melting (Fig. 3) . On slope A, significant positive correlations with total precipitation (sum of precipitation from sampling to sampling) were found for COD (r = 0.76), DOC (r = 0.77) TP (r = 0.67), N org (r = 0.75), N-NH 4 (r = 0.55) and N-NO 3 (r = 0.79). Generally, the highest concentrations of the studied parameters were noted during heavy rainfall in summer and autumn, as well as snow melting. In the case of TP, the highest concentrations (from 0.5 to over 0.7 mg L -1 ) were found in July, August 2010 and July 2011 ( Fig. 2) with monthly sum of precipitation exceeding 100 mm and heavy rainfall events (over 40 mm during 24 h). During these months, the highest concentrations of N org and N min (over 5 mg L -1 ) and DOC (Fig. 2) were reported. The highest concentration of TRP in surface runoff was observed after heavy rain in July 2011 (over 0.3 mg L -1 ), although increased values were also found during freezingthawing periods (Fig. 2) . The concentration of Ca in surface runoff on slope A was stable throughout the investigated period. On slope B, precipitation was found to be positively correlated only with N org (r = 0.54). Here, the highest concentrations of TP, TRP, N min and Ca were observed after the period of beech leaves shedding. The maximal values were noted every year from February to April (Fig. 2 ) during thawing and melting of the snowpack. The concentrations of these elements in surface runoff during the period of most intensive leaves shedding (October-November) were relatively low-probably due to small total month precipitation rates (below 30 mm). The highest concentrations of DOC and N org in surface runoff at slope B were observed both in the periods of snow melting and heavy rains (Fig. 2) .
Heavy rainfall and subsequent intensive runoff had an effect on the physicochemical conditions of water of the littoral zone of the studied lake. During these periods, water in the littoral zone was characterized by lower pH (5.8 vs 7.8), compared to pelagic zone; it had a more intensive colour (mean 44 vs 22 mg L -1 ), lower Ca concentration (mean 26 vs 48 mg L -1 ), higher TRP (mean 0.09 vs. 0.02 mg L -1 ), TN (mean 2.3 vs. 1.13 mg L -1 ) and DOC (mean 36 vs. 14 mg L -1 ) contents. It was impossible to confirm this trend during intensive snowmelt because the lake was ice-covered. In periods with no heavy rainfall, no significant differences in the studied physicochemical 
Chemistry of river inflow and groundwater
Water inflowing into Lake Ostrowiec from the River Plociczna contained relatively high concentrations of Ca (Table 2 ). The maximal value noted during the investigated period reached over 80 mg L -1 . The concentrations of nutrients were significant with over 2 mg L -1 of TN and 0.1 mg L -1 of TP. However, concentrations of organic matter were relatively low (Table 3) . Riverine water contained a moderate amount of soluble mineral salts-the value of electrical conductivity fluctuated in the range of 311-425 lS cm -1 . The properties of shallow ground water were different compared to the river inflow. The water was slightly brown and the concentrations of organic matter expressed as a COD or DOC were significant (Table 2) The concentrations of nutrients were high with over 4 mg L -1 of TN and almost 0.2 mg L -1 of TP. The amount of Ca in groundwater was three times lower compared to water inflowing with the river (Table 2) .
Chemistry of lake basins
Significant differences in the chemistry of water were found between the studied basins. The northern basin (B1) was characterized by the highest values of nutrients and chlorophyll-a and the lowest water transparency and oxygen conditions (with total oxygen depletion from a depth of 6 m onwards). The concentration of total P in B2-B4 was threefold lower compared to B1. Significant differences between B1 and B2-B4 were also found for electrical conductivity and concentrations of all investigated N forms (Table 3) . Similarly to B1, oxygen depletion in the deep water zone of B2-B4 was observed, although oxycline started much deeper and, despite significant maximal depth, bottom water was still saturated with low concentrations of oxygen.
The main factor responsible for the differences in physicochemical properties of water is a water regime. The direct sub-catchment of B1 has the largest surface (Table 3 ) and the highest share of spatial sources in nutrient loading. Furthermore, the inflow and outflow of the river are located at B1. The inflowing River Płociczna is responsible for over 90 % of total N and nearly 90 % of total P loads (Table 4) . Moreover, the river provides relatively more N than P compared to other sources. The N:P ratio for the river was above 19, for runoff-16 and for precipitation-10 (Table 4 ). The morphology of the studied lake (shallow narrowing) largely limits the exchange of water between basins. Therefore, the main sources of nutrient loading for B2-B4 include spatial sources: precipitation and surface runoff from the direct catchment. For these basins, larger loads (75 % of total N and 66 % of total P) are supplied with surface runoff (Table 4) . Differences in hydrology and chemical properties of water Fig. 2 Monthly variations in total phosphorus (TP), total reactive phosphorus (TRP), mineral and organic N, dissolved organic carbon (DOC) and calcium in the surface runoff from the catchment area of Lake Ostrowiec. Black blocks-coniferous area; grey blocks-mixed forest area; HR-heavy rainfall events; SM-snow melting events between basins were reflected in their trophic status. According to TSI, through-flow basin B1 was found to be eutrophic, while other basins were mesotrophic or mesoeutrophic (Table 3) .
Discussion
Our investigations demonstrate that the most important factor affecting the water quality of Lake Ostrowiec is its through-flow character. The inflowing River Płociczna plays a major role in the water balance and chemical loading to the lake. Due to the differentiation of basins, the impact of the river is manifested predominantly in the northern basin (B1) where chemical loads are being imported. This results in the highest concentration of nutrients, decreased water transparency, oxygen depletion in deep water layers and generally, eutrophic state of the basin. The River Płociczna also affects the chemistry of other basins, which is reflected, e.g., in high Ca concentrations, similar to those found in the river. It is worth noting that neighbouring non-through-flow lakes, in which overland flow predominates the water balance, are characterized by fourfold lower Ca concentrations (Piotrowicz et al. 2006) . The electrical conductivity of Lake Ostrowiec and the River Płociczna is comparable while in the neighbouring lakes it is decreased threefold (Piotrowicz et al. 2006 ). As demonstrated in other studies, rivers can significantly affect the chemistry of through-flow lakes and contribute to their eutrophication (Ramm and Scheps 1997; Hilbricht-Ilkowska 1999; Bajkiewicz-Grabowska and Zdanowski 2006) . However, in spite of this, surface runoff may play an important role in the functioning of the studied lake, particularly for the non-through-flow basins (B2-B4). This is also supported by the low contribution of groundwater in the water balance of Lake Ostrowiec (Grześkowiak et al. 2010) . The high inclination of the slopes surrounding the lake promotes the formation of surface runoff and increases erosion (Rorke 2000) , therefore, runoff can transport large volumes of water enriched with chemical compounds leached from the forest litter.
Surface runoff is a short termed and episodic event and its chemical properties are thus difficult to study in the natural environment. Nevertheless, its potential impact on the chemistry of aquatic environments cannot be marginalized (McDowell et al. 2004 ). It has already been found that in nonthrough-flow water bodies, surface runoff can contribute to the processes of eutrophication and humification (Klimaszyk and Rzymski 2011, 2013) . Runoff from forested areas is usually characterized by a high concentration of DOC (Klimaszyk and Joniak 2011) . The DOC content found in our study was similar to that observed in waters of transitional and raised bogs (Elder et al. 2000) . Inflows of water characterized by such a high DOC content are considered to be one of the main factors contributing to the process of lake humification. It was indicated that runoff from coniferous areas contains higher DOC concentrations than this occurring within the deciduous sites (Kortelainen 1999; Strobel et al. 2001) . These findings were further confirmed in experiments demonstrating that compared to beech (Klimaszyk and Rzymski 2011) and birch (Klimaszyk and Rzymski 2013) litter, higher amount of DOC is leached from pine litter. Despite it, deciduous forest can still be a source of significant levels of DOC (Hongve 1999) . As found in the present study, compared to the pine monoculture, runoff occurring within the mixed forest was characterized by higher DOC levels. This is most likely due to the production of additional portion of detritus by beech, a source of DOC. Our investigation also revealed that DOC levels in surface runoff depend on precipitation. At both studied sites, the highest DOC content was found after heavy rainfall events and during snow melting. This is consistent with other studies (Cronan and Aiken 1985; Hope et al. 1994; Klimaszyk and Rzymski 2013) . Young beech stands at sampling station shed their leaves gradually from November to March (the most intensively from November to December). Freeze-thawing and generally humid conditions accelerate the decomposition of forest litter and release of DOC during snow melting (Renman 1993; Klimaszyk and Rzymski 2011) . Following rainfall, littoral waters of the studied lake were found to have lower pH, increased colour and DOC concentration. The chemistry of the pelagic zone, not affected by runoff, clearly indicates the oligohumic character of Lake Ostrowiec. It is thus possible that humic substances are photodegraded and included in the microbial loop (Anesio et al. 2005) .
Compared to groundwater and river inflow, surface runoff was characterized by significantly higher concentrations of nutrients. These differences were expressed several folds indicating that runoff may be an important factor influencing the productivity of the studied lake. In addition, the relatively low N:P ratio in runoff (in comparison to other sources) shows that it is an important source of P. The observed concentrations of N and P were comparable to those already found in sloping forested catchment areas (Klimaszyk and Rzymski 2011, 2013) but lower than those found for agricultural lands (Beman et al. 2005) . As demonstrated experimentally, leaching of nutrients may vary depending on the type of forest litter (Zieliński et al. 1999 ). Our field study shows that mixed forests make a larger contribution to the mobilization and transfer of N and P than coniferous areas. Depending on the nutrient availability in soils, deciduous species withdraw N and P content before leaf senescence, but the magnitude of this process appears to be lower than it is for coniferous species (Pensa et al. 2007; Schulze et al. 2009 ). This was also found for the European beech (Vesterdal 1999) , species overgrowing the investigated area of the mixed forest. Here we also demonstrated that mixed forest has a higher impact on leaching of Ca. It was previously demonstrated experimentally that European beech litter is richer in Ca than the litter of Scots pine (Reich et al. 2005) which is now confirmed in our field investigations.
The runoff flow rate, which is correlated with precipitation, is indicated as a main factor affecting the washing out of nutrients (Lewis et al. 1999; Sickman et al. 2003; Shigaki et al. 2007; Klimaszyk and Rzymski 2011) and organic matter (Cronan and Aiken 1985; Hongve 1999; Klimaszyk 2006) . Out of all the investigated chemical parameters, the highest concentrations were observed in runoff collected after heavy rainfall and during intensive snowmelt. Increased values noted in winter and early spring may be unexpected as the rate of forest litter decomposition is decreased in lower temperatures (Sulkava and Huhta 2003) . On the other hand, freezing-thawing periods may promote the degradation of organic matter (Renman 1993) and at the same time increase the elution of nutrients from soils (Fitzhugh et al. 2001) . It should also be noted that for the mixed forest, the highest concentrations of chemical elements were noted in surface runoff in late autumn and the following period of falling leaves. As found experimentally, litter of beech origin can rapidly release organic matter and other chemical compounds (Klimaszyk and Rzymski 2011) . As autumn in temperate climates is generally characterized by rainfall, it may have the largest impact on chemical leaching from forest litter and its subsequent transport with runoff to aquatic environments.
The monocultures of Scots pine overgrowing the catchment area of Lake Ostrowiec are gradually being replaced by climax forest with beech. According to the Protection Plan for the Drawa National Park in the next 50 years, the whole catchment should be covered with climax ecosystems with the prevalence of beech forest. This will result in a change in the physical and chemical properties of runoff waters and will increase the loads of nutrients inflowing into the lake and potentially promote its eutrophication. 
Conclusions
Our study demonstrated that surface runoff significantly affected the chemistry of a through-flow, mid-forest lake.
Litter from the mixed forest released higher concentrations of nutrients and organic matter than coniferous areas. The highest leaching was observed after heavy rainfall and during snow-melting. In the case of the mixed forest, the highest chemical enrichments of runoff waters were found after autumn leaf shedding, indicating a high contribution of European beech in the N and P cycle. Gradual replacements of Scots pine monocultures with beech, which can be also observed within the catchment area of Lake Ostrowiec, will likely increase nutrient loading to the mid-forest surface freshwaters.
